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INTRODUCTION 

Fundamental s tud ies  on the  chemist ry  o f  coal  l i q u e f a c t i o n  have shown 
t h a t  t h e  s t r u c t u r e  o f  s o l v e n t  molecules can determine t h e  na tu re  o f  l i q u i d  y i e l d s  
t h a t  r e s u l t  a t  any p a r t i c u l a r  s e t  o f  r e a c t i o n  cond i t i ons .  One approach t o  under- 
s tanding t h i s  chemist ry  i s  t o  l i q u e f y  coal us ing  we l l -de f i ned  so l ven ts  or to study 
reac t i ons  o f  so l ven ts  w i t h  pure compounds which may rep resen t  bond types t h a t  are 
l i k e l y  present i n  coal ( 1 ) .  It i s  pos tu la ted  t h a t  coal  l i q u e f a c t i o n  i s  i n i t i a t e d  
by thermal a c t i v a t i o n  t o  form f r e e  r a d i c a l s  which a b s t r a c t  hydrogen from any 
r e a d i l y  a v a i l a b l e  source. The so l ven t  may, theref-ction as a d i r e c t  source 
o f  hydrogen (donor ) ,  i n d i r e c t  source o f  hydrogen (hydrogen- t ransfer  agent) ,  or may 
d i r e c t l y  r e a c t  w i t h  t h e  coal  (adduct ion) .  The actual  r o l e  o f  so l ven t  thus becomes 
a s i g n i f i c a n t  parameter. 

E a r l i e r  s t u d i e s  have measured the r e a c t i v i t y  o f  bo th  hydrocarbon ( 1 )  and 
non-hydrocarbon ( 2 )  acceptors  w i t h  good donor so l  vents  ( t e t r a 1  i n, hydrophen- 
anthrenes), and poor donors (mes i t y lene ) .  Although t h e  pr imary r o l e  o f  so lvents  
was observed t o  be the  s t a b i l i z a t i o n  o f  acceptor r a d i c a l s ,  apprec iab le l e v e l s  o f  
s o l v e n t  rearrangement ( i s o m e r i z a t i o n ) ,  po lymer izat ion,  and adduct ion a l s o  
occu r re  Herein, these aspects o f  so lvent  chemist ry  have been pursued w i t h  the 
use of ‘jC l a b e l i n g  techniques t o  understand the s p e c i f i c  reac t i ons .  

EXPERIMENTAL 

The exper imenta l  procedure to c a r r y  o u t  t h e  so lvent-acceptor  reac t i ons  

S p e c i f i c a l l y  l a b e l e d  13C-octahydrophenanthrene was synthes ized by 

has been descr ibed e a r l i e r  ( 1 , Z ) .  

Dr.  E. J.  Eisenbraun, d e t a i l s  o f  which w i l l  be descr ibed elsewhere. 

REACTIVITY OF HY DROAROMATICS 

Background 

Due t o  the  r e l a t i v e  ease and r e v e r s i b i l  i t y  o f  hydrogenation-dehydrogen- 
a t i o n  of hydroaromat ics,  t hey  have been used ex tens i ve l y  e i t h e r  as a so r e or 
agent for p l a c i n g  hydrogen i n  hydrogen-def ic ient  species, such as coal .I3! The 
assumption has f requen t l y  been made t h a t  hydroaromatics i n  the  so l ven ts  used f o r  
t h i s  purpose conta ined the  ( i d e a l )  six-membered r i n g  wh i l e  l i t t l e  e f f o r t  has been 
d i r e c t e d  t o  de te rm in ing  t h e  i somer i c  forms. It i s  known t h a t  methyl indanes are 
e s s e n t i a l l y  s t a b l e  to hydrogen- t ransfer  as compared t o  t e t r a l i n .  Due to d i f f i c u l -  
t i e s  i n  adequately measuring the  concen t ra t i ons  o f  i somer i c  s t ruc tu res ,  t he  above 
assumption may n o t  be t y p i c a l l y  Val i d .  
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T e t r a l i n  has been shown to undergo thermal dehydrogenation t o  naphtha- 
l ene  and rearrangement t o  methyl indane i n  e i t h e r  t h e  absence o r  presence of f r e e  
r a d i c a l s  (1) .  This i m p l i e s  t h a t  i t  may n o t  be v a l i d  t o  assume t h a t  hydrogen 
t r a n s f e r  w i l l  be q u a n t i t a t i v e  even i n  the  presence o f  a l a r g e  excess o f  donor s o l -  
vent. Sym-octahydrophenanthrene (H8Ph) would be expected to f o l l o w  t h e  same 
rearrangement-dehydrogenation r e a c t i o n s  as t e t r a 1  i n ,  except wi th more isomer and 
p roduc t  p o s s i b i l i t i e s  ( see  F igu re  1) .  
b r i e f l y  discussed. 

The k i n e t i c s  o f  these r e a c t i o n s  w i l l  be 

STRUCTURAL FEATURES OF HYDROPHENANTHRENES 

The i n i t i a l  i n d i c a t i o n  t h a t  hydrophenanthrenes isomer ize was the  
obse rva t i on  o f  numerous GLC peaks w i t h  i d e n t i c a l  pa ren t  i ons  b u t  d i f f e r e n t  
fragment i ons  i n  t h e i r  mass spectra. Compounds wi th  methyl s u b s t i t u e n t s  
always have more i n tense  Mt-15 i ons  than those w i t h  unsubs t i t u ted  six-membered 
r i n g s .  Considering the complex i ty  o f  t h e  t o t a l  r e a c t i o n  m ix tu res ,  l i q u i d  
ch ro  
f o r  "C-NMR study. 

isomer ic  octahydrophenanthrenes. 
cussed e a r l i e r  (4) .  The appearance o f  new s i g n a l s  a t  29 t o  21.3 ppm i s  
i n d i c a t i v e  o f  methyl groups i n  a v a r i e t y  o f  p o s i t i o n s  on sa tu ra ted  r i n g s  and 
a r e  n o t  present  i n  Sym-HgPh. 
a t i v e  o f  five-membered r i n g s  being formed a t  t he  expense o f  t he  e i g h t  hydro- 
aromat ic  carbons i n  the six-membered r i ngs .  
approx imate ly  14 ppm i n d i c a t e s  t h a t  r i n g  opening t o  a n-buty l  s u b s t i t u e n t  d i d  
n o t  occur. 

tography (HPLC) was used t o  concentrate more d i s c r e t e  s o l v e n t  f r a c t i o n s  

F igures 2 and 3 show t h e  p a r t i a l  13C-NMR spect ra o f  two monoaromatic 
The assignments f o r  Sym-HgPh have been d i  s- 

The new s i g n a l s  between 30 and 35 ppm a r e  i n d i c -  

The absence o f  a sharp l i n e  a t  

When an acceptor  i s  present, t h e  s o l v e n t  

(10% 1 3 C ) .  The presence o f  a l a b e l  p rov ided  use fu l  c lues  as t o  t h e  r e a l  com- 
p l e x i t y  o f  t h e  s t r u c t u r e s  and pathways f o r  t h e i r  formation. 
separated by several l i q u i d  chromatographic steps i n  seven major f r a c t i o n s ,  
a r b i t r a r i l y  designated A through G, and analy fgd by k N M R ,  mass spectrom- 
e t r y ,  u l t r a v i o l e t  spectroscopy. The p a r t i a l  C-NMR s t i c k  spec t ra  a re  shown 
i n  F i g u r e  4 where the  l a b e l  appears as an i n tense  broken l i n e .  
t r a t e s  some o f  the mass spec t ra l  data o f  these f r a c t i o n s .  The "bes t  f i t"  
s t r u c t u r e s  deduced fran these data w i l l  be discussed. 

oducts a re  more com- 
p lex.  Reactions were, t he re fo re ,  performed w i t h  1- P5 C-octahydrophenanthrene 

The products  were 

Table 1 i l l u s -  

Solvent  Adduction 

The primary r e a c t i o n  between good donor so lvents ,  such as t e t r a l i n  
and octahydrophenanthrene, and acceptors  can g i ve  r a t h e r  i d e a l  p roduc ts  (ex.  
dibenzyl+ to luene i n  400-450°C range). However, when poor  so l ven ts  a r e  
i n t roduced  secondary r e a c t i o n s  become q u i t e  impor tan t  (ex. mesitylene-> 
polymers). 

When reac t i ons  w i t h  oxygen-containing acceptors  a r e  p e r f o n e d  i n  the 
300-400'C reg ion,  t h e  format ion o f  so l ven t  adducts occurs e q u a l l y  we l l  w i t h  
t e t r a l i n  and mesitylene. F igu re  5 shows a t y p i c a l  GLC curve f o r  p roduc ts  from 
the  r e a c t i o n  o f  benzyl a lcohol  and t e t r a l i n .  These r e a c t i o n s  were a l s o  done 
w i t h  D 4 - t e t r a l i n  which pe rm i t ted  the  f i r m  i d e n t i f i c a t i o n  o f  t he  s o l v e n t  i n  the 
adduct. It i s  noted t h a t  severa l  isomers o f  t o l u e n e - t e t r a l i n ,  as we l l  as d i -  
t e t r a l i n ,  were formed. Representat ive concentrates o f  t o t a l  adducts were 
prepared by HPLC and GPC techniques which p e r m i t t e d  t h e i r  d i r e c t  s tudy by NMR, 
MS, and s e l e c t i v e  react ions.  
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These a n a l y s i s  i n d i c a t e d  t h a t  a t  l o w  temperatures f r e e  r a d i c a l  l i f e -  
t imes can be reasonably  long, thereby p e r m i t t i n g  compe t i t i on  between H' and C' 
f o r  s t a b i l i z a t i o n .  
t h i s  compet i t ion:  

The f o l l o w i n g  equat ions i l l u s t r a t e  one rep resen ta t i on  o f  

The benzyl f r e e  r a d i c a l s  can a b s t r a c t  hydrogen atoms l e a v i n g  a carbon f r e e  
r a d i c a l  which has t h e  a b i l i t y  t o  combine wi th  another benzyl r a d i c a l .  As t h e  
r e a c t i o n  proceeds, concen t ra t i ons  o f  bo th  f r e e  r a d i c a l s  increase, c r e a t i n g  a 
g rea te r  p r o b a b i l i t y  o f  adduction. Numerous a n a l y t i c a l  data show inc reas ing  
concen t ra t i on  o f  adducts  w i t h  r e a c t i o n  t ime and w i t h  i nc reas ing  concen t ra t i on  
o f  acceptor. 

I t  appears t h a t  t h e  fo rma t ion  o f  benzyl t e t r a l i n  on l y  occurs du r ing  
t h e  hydrogen t r a n s f e r  r e a c t i o n s  a t  l ow  temperatures (<400"C). 
occurs as shown above, a c e r t a i n  degree o f  "depolymer izat ion"  cou ld  be 
achieved by i s o l a t i n g  t h e  adduct f r a c t i o n  and r e a c t i n g  i t  w i t h  f resh  t e t r a l i n  
a t  450°C. From t h e  p rev ious  s tud ies  w i t h  d ibenzy l ,  diphenylbutane, and 
phenylhexane, one would p r e d i c t  t h a t  cleavage would occur  a t  450°C as fo l l ows :  

I f the adduct 

When t h i s  was done, l e s s  than 50% o f  t h e  adduct "depolymerized." 
The remainder d i d  n o t  reac t .  The remaining adducts had the same molecular  

h - N M R  showed t h a t  s i g n i f i c a n t  rearrangement had occurred. 
i g h t  b u t  much l a r g e r  I@-15 i o n s  i n d i c a t i n g  the presence o f  a methyl group. 

The f o l l o w i n g  s t r u c t u r e s  were deduced from the NMR spectra: 

1 ~ 3 9  ppm 

b 
' 34 ppm 

i H 3  ( b )  
21 ppm 



The st rong l i n e  a t  30.0 ppm i n  bo th  spect ra i n d i c a t e s  t h a t  t h e  s i x -  
membered r i n g  i s  i n t a c t  and t h a t ,  when c e r t a i n  p o s i t i o n s  a re  s u b s t i t u t e d  by 
benzyl groups, they r e s i s t  cleavage. 
4 1  ppm disappear upon hea t ing  a t  450°C suggests t h a t  those p a r t i c u l a r  s t r u c -  
t u r e s  are cleaved ( u n l i k e l y  i f  they a re  i n  a five-membered r i n g )  o r  rearranged 
t o  a more s t a b l e  form. 
a l s o  present  as r e a c t i o n  products  conf i rms t h a t  isomer ( a )  i s  p resen t  and t h a t  
it can s t i l l  f unc t i on  as a donor a f t e r  adduction. 

The f a c t  t h a t  l i n e s  a t  38, 39, and 

F i n a l l y ,  t h e  obse rva t i on  t h a t  benzyl naphthalenes a r e  

I 

The adduct ion r e a c t i o n s  discussed a re  n o t  l i m i t e d  t o  benzy l - type 
r a d i c a l s  nor  t o  t e t r a l i n  so lvents .  
t h i o e t h e r  acceptors and donor so l ven ts  i n c l u d i n g  dimethyl t e t  l i n ,  octahydro- 

been used t o  prov ide f u r t h e r  c o n f i r m a t i o n  t h a t  t he  so l ven t  was inco rpo ra ted  i n  
adducts. 

CONCLUSIONS 

They have been observed w i t h  l o n g  c h a i n  

phenanthrene, and te t rahyd roqu ino l i ne .  Donors us ing a D o r  FS C l a b e l  have 

I m p l i c a t i o n s  t o  Coal L i q u e f a c t i o n  

qual i ty  . 
1. 

2. 

3. 

4. 

5. 

.6 * 

7. 

8. 

Numerous imp1 i c a t i o n s  on the  fundamental chemist ry  o f  coal  1 i quefac- 
t i o n  can be drawn from the observed r e a c t i o n  o f  so l ven t  i somer i za t i on  and 
adduction. The l i t e r a t u r e  i n d i c a t e s  t h a t  r e c y c l e  so l ven ts  from most coal  
l i q u e f a c t i o n  processes c o n s i s t  o f  2 t o  3 aromat ic  r i n g s  w i t h  va r ious  degrees 
o f  sa tu ra t i on ,  n o t  u n l i k e  the  model so l ven ts  s tud ied.  I n  t h i s  system, h i g h  
l e v e l s  o f  e f f e c t i v e  hydrogen donors can rearrange t o  isomers hav ing poor donor 

The f o l l o w i n g  s p e c i f i c  p o i n t s  are noted: 

The i somer i za t i on  o f  hydroaromatic donor so l ven ts  i s  a general 
phenomenon. 

The r a t e  o f  rearrangement appears to be f i r s t  order  wi th  r e s p e c t  
t o  donor so l ven t  concentrat ion.  
t e t r a l i n  r e a c t i o n  i s  i n  the  range o f  26-32 Kcal/g-mole, depending 
upon whether a f r e e  r a d i c a l  precursor  i s  present  o r  not.) 

The r a t e  o f  i somer i za t i on  increases w i t h  i nc reas ing  number o f  
hydroaromatic r i ngs .  

The r a t e  o f  rearrangement i s  increased by o rde r  o f  magnitude when 
f r e e  r a d i c a l s  a re  present. 

A l l  so lvents  have the  c a p a b i l i t y  o f  becoming i r r e v e r s i b l y  
adducted by acceptor  f r e e  r a d i c a l s  which cou ld  a r i s e  from t h e  
coal .  

The presence o f  oxygen and s u l f u r  f unc t i ons  on the  f r e e  r a d i c a l s  
w i l l  enhance adduction. Adduction i s  a l s o  enhanced by l o n g  
r e a c t i o n  t imes and low temperatures (<400"). 

A t  h igh  temperatures (>400'C), adducts are most l i k e l y  t o  i n v o l v e  
on ly  poor donor so lvents ;  h i g h  temperatures w i l l  n o t  n e c e s s a r i l y  
c leave adducts formed a t  low temperatures. 

Solvent  i somer i za t i on  c rea tes  a bas i c  problem i n  f o l l o w i n g  t h e  
progress o f  l i q u e f a c t i o n ,  namely, measuring t h e  amount o f  
t r a n s f e r r e d  hydrogen. While i t  i s  p o s s i b l e  t o  measure t h e  l e v e l  
o f  " t r a n s f e r a b l e  hydrogen" (hydroaromat ic  six-membered r i n g  

(The a c t i v a t i o n  energy o f  t h e  
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hydrogen) i n  t h e  feed, recyc le ,  o r  product  l i q u i d s  by 13C-NMR 
(5 ) ,  t h e  p resen t  s tudy suggests t h a t  i t  i s  n o t  poss ib le  t o  
i s o l a t e  t h e  p o r t i o n  c o n t r i b u t i n g  t o  hydrogen t r a n s f e r  alone. 
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Figure 4: '3C-NMR Spectra of Hydrophenanthrenes: 
Saturate Region 
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FIGURE 5: GAS-LIQUID CHROMATOGRAM O F  PRODUCTS 
FROM BENZYL ALCOHOL-TETRALIN REACTION 
AT 40OoC 
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